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DEFINITION OF TERMS AND SYMBOLS

Rationalized MKS units are used throughout. Thermodynamic formulas
such as dU = TdS + Xdx + EdP are written for a unit volume of material. This
procedure is not exactly proper because the thermodynamic system (the experi-
mental crystal) changes its volume slightly, but only inappreciable errors
result.

C = Curie constant. Curie-Weiss Law is K &% y = C/(T - Tp).

C = Specific heat at constant field (and zero stress).

Cp = Specific heat at constant polarization (and zero stress).

D = Electric displacement. D = eoE + P,

E = Applied electric field.

G] = F]astic Gibbs function. G] = U -TS - xX,

G,o = G at some (arbitrary) reference temperature.

K = Dielectric constant,

p = Electric dipole moment.

P = Electric polarization per volume. PS = Spontaneous electric polarization
per volume,

pE = Pyroelectric coefficient at constant field (and stress).

S = Entropy per volume.

S' = That part of the entropy which is associated with P,

T = Temperature in degrees Kelvin.

Tc Critical Temperature. Loosely speaking, either Tf or Tp for a ferro-

electric substance. The temperature at which PS approaches zero in a
pyroelectric substance.

§ = Ferroelectric Curie temperature = the temperature at which PS disappears
when the substance is heated.

-
I

Paraelectric Curie temperature as defined by the Curie-Weiss Law,
X = C/(T - Tp).

—
©
i

U = Internal energy per'vo1ume.

X = Applied stress. (Tensile stress has a positive sign.)

x = Strain. (Elongation has a positive sign.)

A = A measureable incremental change in a quantity such as aT or AP.
g = Electric permittivity of vacuum = 8.85 x 10"]2 cnu]zln m2.
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Devonshire's sixth-order coefficient (of P6) in G-expansion.
Devonshire's fourth-order coefficient (of P4) in G-expansion.

Mass density.

Electric susceptibility. dP = eoxdE. The symbol x may carry subscripts
as p (paraelectric), or superscripts such as T (constant temperature),

X (constant stress), etc.

Devonshire's second-order coefficient (of P2) in G-expansion.




LIST OF EQUATIONS

A list of the more important equations is given below. They are numbered
consecutively as they appear in this report. The first law of thermodynamics
has been written as dQ = dU + dW where a positive value of dW represents
mechanical and/or electrical work done on the system. The equations as written
are valid only if all directional quantities are parallel or antiparallel to
each other. Complete specification of stress, strain, field, and polarization
would require appropriate tensor, matrix, or vector subscripts; they can be
inserted later as needed when multidirectional effects occur.

dU = TdS + Xdx + EdP (1)
(aT/3P)g = (T/ocp) (RE/2T)p (2)
(4T/aP)g = (T/ocp) (3E/aT)y (2a)
Gy = U~ TS - Xx - EP (3)
(aT/8E)g = =(T/pcg) (aP/aT)¢ (4)
(aT/AE)g = -(Tocg )(aP/aT) (4a)
(BT/BE) = e CTE/pC (T - T ) (5)
oT = e, CTAE /2pC (T - Tp)2 (6)
AT = TAP /2€ CpCP (7)
P = f(a) = f[p(E + yP)/kT] (8)
T = (v/0cp)PdP (9)
d6y = -SdT - xdX + EdP (10)
6, = Gg = wP?/2 + P4 + P06 + (1)
(26, /aP) w1 = E=u(TP+ ep3 4 pd (12)
(AT/AP ) = (T/20c)) (2u/aT), (13)
m(; >T.) = (E/3P)g = Ve xp (14)
PS = - wlE (]5)
w(T < TC) = - ]/Zeoxf (16)
(e = cp) = TdS'/pdT (17)
(cp - cp) = -(T/p)(aw/aT)EdPZ/dT (18)
(cg = cp) = =(T/2¢ C)(dP /dT) (19)
(cp = ¢p) = -(Y/Zp)dP /dT (20)
o(T,) = 36%/16¢ (21)
P (T = - 36%/4 (22)
dP = (aP/aK)g jdX + (3P/3E)y 7dE + (3P/aT)y pdT | (23)
dp = phoEqr (24)



dpP = [(aP/ax) E + (ax/aT) + (aP/aT)x’E]dT (25)
phoE (26)

oK px,E i dE,TaX,ECE,T (27)
dE = = (1/egx T (aP/aT)y gdT = = (17> )pMeEaT (28)
p° = - (ocg/T) (aT/aE) (29)
i=AdP/dt = A(aP/aT)(aT/at) (30)
P(T) = BE + A(T T) (31)
6 = Gyg - (A/B)(T -T)‘/ZP + p2/28 (32)
oT = (AT/pep)(T, - 1)1 (33)




INTRODUCTION

The electrocaloric effect is the change in temperature that is produced
in a dielectric by an adiabatic change in the applied electric field. From
a strictly thermodynamic point of view, the electrocaloric effect is analagous
to the magnetocaloric effect ("adiabatic demagnetization") which has been so
useful both as a means to study the nature of magnetism] and as a technique
for obtaining very low temperatures.]

The electrocaloric effect has not been widely used; it usually is too
small to measure directly except in ferroelectric and pyroelectric substances.
In 1930, before the current theories of ferroelectricity were developed,
Kobeko and Kurtschatov2 studied the electrocaloric effect in ferrelectric
Rochelle salt. They did not report numerical values, but they found a maximum
effect near the upper Curie temperature. In 1943 Hautzen]aub3 made qualita-
tive measurements of the effect in Rochelle salt. He also studied potassium
dilhydrogen phosphate and found an electrocaloric temperature change that was
a quadratic function of the applied field above the Curie temperature and a
Tinear function of the applied field (but only 30% of the computed value) below
the Curie temperature, Later, Baumgartner4 determined indirectly the electro-
caloric effect in a crystal of KH2P04 from changes in its resonant frequency.
Roberts5 employed the electrocaloric effect to distinguish between a first-
and second-order transition in ceramic BaT103. Schmidt6 made measurements of
the same material near 4°K to show that its macroscopic polarization at low
temperatures is thermodynamically irreversible, and Karchevskii7 has shown
that the maximum electrocaloric effect in this substance occurs at the Curie
temperature. Wiseman and Kueb]er8 have measured the electrocaloric effect in
crystalline Rochelle salt throughout its ferroelectric range (i.e., between its
two Curie temperatures) and thereby determined the Devonshire “dielectric
stiffness" coefficient, the ferroelectric Curie temperatures, and the sponta-
neous polarization close to both Curie temperatures. These results were
quantitatively consistent with the thermodynamic properties of Rochelle salt
determined by standard methods.

Because of the reciprocal relationship between the electrocaloric effect
and pyroelectricity,* the present study included some experiments with a pyro-

*The pyroelectric effect is the change in the electrical polarization of a
dielectric that is produced by a change in temperature. All ferroelectric
materials are pyroelectric but not vice versa.
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electric substance. Pyroelectric measurements of ferroelectric substances have

been made by Chynoweth,”»10»11
12,13,14

and NASA has sponsored research on pyroelectric
radiation detectors.

We made this study to exploit further the electrocaloric effect as a means
of obtaining a better understanding of the spontaneous electrical polarization
in ferroelectric and pyroelectric substances; these substances have present and
potential uses in radiation detectors, minified electronic circuits, and optical
modulators.




THERMODYNAMICS OF THE ELECTROCALORIC EFFECT

The Basic Electrocaloric Equations

The combined first and second laws of thermodynamics for a dielectric
solid which is subjected to a tensile stress X and an electric field E is

dU = TdS + Xdx + EdP (1)

where U is the internal energy, S the entropy, x the strain, and P the electrical
polarization of a unit amount of material.*

Since dU is exact and the applied stresses are to be kept small in these
experiments, Eq. (1) can be reduced to

(57/)g = (T/pep) (/3T)p (2)

which for very small temperature changes becomes
(aT/aP)g = (T/ocp) (3E/3T), (2a)

where p is the density and Cp is the specific heat of the crystal at constant
polarization. This equation will be called the "AP form" of the electrocaloric
equation.

Another expression for the reversible electrocaloric effect can be ob-
tained by employing the electric Gibbs function G2 of Mason,]5

62 =y -TS - Xx - EP, (3)
Adding the derivative of this equation to Eq. (1) and choosing S = S(T, X, and
E) yields for an adiabatic change in the field applied to an unclamped (X = 0)

crystal, another pair of expressions analagous to Eq. (2) and (2a) for the
reversible electrocaloric effect,

(3T/3E)S = '(TOCE)(BP/BT)E (4)

*The Tast term in Eq. (1) could have been written EdD, but the electrostatic
energy eoEdE of empty space has been excluded from the system for convenience,
leaving EdP allocated to the crystalline substance.
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or
(AT/AE)S = "(TDCE)(BP/BT)E9 (43)

where C is the specific heat of the substance at constant field. Eq. (4a)
will be called the "AE form" of the electrocaloric equation.

To apply these two equations to a specific material, we need an equation
of state which relates the thermodynamic variables.

The Paraelectric State

The Curie-Weiss Law is such an equation of state for ferroelectric substances
but only above the Curie temperature; that is, above the Curie temperature
ferroelectric substances exhibit paraelectric behavior. When the polarization
is large compared to ¢ D, the Curie law can be written as P = eOC(T - Tp)
instead of D = soC(T - Tp). The paraelectric Curie temperature T_ and the
Curie constant C of a substance are ordinarily determined by measurements taken
in its paraelectric phase. Differentiation of the Curie-Weiss equations yelds
a value for the factor (aP/aT)E appearing in Eq. (4), which can then be written

(3T/3E)g = eCTE/pcg(T = T))%. (5)

Integration of this expression over a very small range of temperature gives a
useful expression for the electrocaloric effect in the paraelectric phase,

2
T= e CT E2/2cg(T - T)) (6)

which is notable for its quadratic dependence on the applied field.
The Curie-Weiss law also yields a value for the factor (aE/aT)P in Eq. (2),
and Eq. (2) becomes

(37/3P)g = TP/e Cocp.
Integration of this expression over a small range of temperature gives another

useful expression for the electrocaloric effect of a substance in its paraelec-
tric phase,

T=T1 PZ/ZQOCpCP. (7)
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This expression shows a quadratic dependence of AT on the polarization. Note
that aP2 does not mean (P, - P])2 but rather sP% = P22 - P12. Fortunately,

the heat capacities at constant field and at constant polarization, e and Cps
which appear in Eq. (6) and (7) are approximately equal to each other above the

Curie temperature if the polarization is not too large.

The Inner Field Equations for the Ferroelectric State

An equation of state for ferroelectric substances in their ferroelectric
phase is not available. Various "models" have been proposed from which an
equation of state might be inferred. A Langevin-like inner field model of a
ferroelectric substance will lead to an equation of state. Although such a
model based on cooperative interactions between rotatable dipoles of fixed mom-
ent is unrealistic for a number of reasonslemost theories of ferroelectric
mechanisms invoke an inner field of some sort the explain the non-linear ef-
fects that must exist to produce ferroelectric polarization. In some cases,
the simple model is rather successful. If the field F which is effective in
aligning a dipole of moment p parallel to the applied field E is written as
F =E + yP where y is the inner field constant and P is the polarization per
unit volume, then a Langevin-type expression, f(a), can be derived for the
polarization as a function of temperature and field; i.e.,

P = f(a) = f[p(E + vP)/KT]. (8)

Setting dP/dT = 0 will yield the expression (aE/aT)P =(E + yP)/T. Combining
this expression with Eq. (2) yields

dT = (T/pcp)(E/T + yP/T)dP.
In or near the ferroelectric region where P is so large that E/T is negligible,
dT = (y/pcP)PdP. (9)

Thus, measurements of the electrocaloric effect will yield values for the inner
field constant v.

The early direct measurements of the electrocaloric effect in Rochelle salt
by Kobeko and Kurtschatov2 together with later measurements in this 1aboratory]7

provide one of the severe indictments of the simple inner field model. These
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measurements yield values of y throughout the ferroelectric range and reveal
that y as determined from Eq. (9) is strongly temperature dependent and has
negative values below 2.5°C, the temperature of maximum spontaneous polariza-
tion. The results in addition to other reasons? show that a description of
ferroelectricity in Rochelle salt in terms of the inner field constant vy is
of doubtful value.

On the other hand, Baumgartner's4

indirect measurements of the electro-
caloric effect in KH2P04 (by means of changes in the resonance frequency of his
specimen) are consistent with a nearly constant value of y over a small range
of temperature. Baumgartner was able to account for the observed changes in y
with temperature by putting a weak functional dependence on temperature, ¢(T),
into the denominator of Eq. (8)

Whether or not the inner field model is valid, electrocaloric measurements
can throw some light on the behavior of the thermodynamic parameters near the
Curie temperature. But since a generally valid mechanism of ferroelectric
transitions is not available, and since the roles played by thermal agitation,
strengths and directions of covalent or hydrogen bonds etc. are not well
understood, a more phenomenological approach is chosen which leaves the detailed
mechanisms unspecified.

Phenomenological Description of Ferroelectricity

A phenomenological description has been formulated by Devonshi\r'e.]8 He

introduces an elastic Gibbs function, (free energy) G] = - TS - Xx. Subtrac-
tion of the derivative of this equation from Eq. (1) gives

dG] = -SdT - xdX + EdP. (10)

For a substance to exhibit fefroe]ectric behavior, its polarization must be a
non-linear function of the field, and the value for the Gibbs function must be
independent of the direction of the polarization. For the one-dimensional case
(i.e., continuing to omit the subscripts on P), Devonshire postulates

6 = Gg+ Pr2+eha v b6+ . o (1)

where G4 is the value G] at some arbitrary reference temperature and the coef-
ficients are functions of the temperature at constant stress. The numerical
factors in introduced for later convenience. Terms beyond fourth ader are
usually neglected.

10



A second-order ferroelectric transition can be explained in terms of G] by
assuming that only the coefficient w is a function of T and that the other coef-
ficients are positive and relatively constant; then we have

3 5

(‘a(;]/aP)X,T = E = o(T)P + &P” + ¢P (12)
and (3E/3T)p = (dw/aT),P.
Substituting this expression into Eq. (2a) gives
(AT/AP)S = (TP/pCP)(am/aT)P (13)
or
(aT/8P%)g = (T/20c,) (30/2T) (13')

The condition for a stable state is a minimum in G, or (aGl/aP)X,T = 0; this
condition together with the fact that P is small at the Curie temperature gives
a boundary condition that w(Tc) = 0. Thus, measurements of the electrocaloric
effect give values for the important Devonshire coefficient w(T). Above the
Curie temperature (in the paraelectric phase) where the polarization is small,
w can be determined experimentally from the paraelectric susceptibility x_. by
using an expression that is obtained by taking the derivative of Eg. (12),

w(T > Tc) = (BE/BP)T = ]/eoxp. (14)

Thus, the Devonshire coefficient w is seen to be, aside from a numerical constant,
the reciprocal susceptibility or the "dielectric stiffness" in the paraelectric
region. Fortunately, electrocaloric effects are so small in this region that no
distinction needs to be made between the isothermal and the adiabatic susceptibil-
ity. The value of w in the paraelectric region is strongly dependent upon tempera-
ture, the susceptibility obeying the Curie-Weiss law, w = 1/e0x = (T - Tc)/eoc,
down to the Curie temperature. The question is whether w continues to be a well-
behaved function of temperature right on through the Curie temperature and below
as would be the case if the elastic Gibbs function G] describes the dielectric
behavior below the Curie temperature where w is not a directly observable quantity
but can be determined from the electrocaloric effect. Hopefully, w(T) would
suffer no discontinuity in value or slope near the Curie temperature (though the
reciprocal susceptibility may) as shown in the accompanying diagram. The dotted

11




and solid lines serve to distinguish between behaviors above and below the Curie
temperature. A smooth fit of the experimental values of w obtained above and
below Tc from electrocaloric data would corroborate the general picture.

G

1~ &

TEMPERATURE POLARIZATION

An expression for the spontaneous polarization PS in terms of the Devonshire
coefficients can be gotten from Eq. (12) by setting E = 0; this gives
P2 = -u/ (15)

and

(T > T.) = =1/2¢ x¢ (16)

where Xf is the low-field reversible susceptibility in the ferroelectric region.
Eq. (15) allows ¢ to be determined from electrocaloric measurements, and Eq. (16)
provides a means of verifying the electrocaloric determination of w(t) below the
Curie temperature.

The term (aw/aT)P of Eq. (13) is also related to the specific heat anomaly
near the transition. Defining dS' as that part of the differential increase in
entropy associated with dP in the temperature range dT, we can write the specific
heat anomaly as

(cg - cp) = TdS'/pdT. (17)

From Eq. (10) and (11), S = =(2G/aT)p = -(36;5/aT)p - (aw/aT)pP 2/2. The term
(aGm/aT)P represents the ordinary "thermal" entropy, and the term (am/aT) P /2
represents S' the entropy of polarization. Consequently,
2
(cg - cp) = =(T/20){2u/2T)pdP /dT. (18)
12




Rewriting Eq. (11) in terms of the Curie-Weiss law which the substance obeys at

T>T.. gives = (T - Tc)/eoc where C is the Curie constant. Eq. (15) then
becomes

(g - cp) = =(T/2¢C) dp 2/, (19)

which is a less general relationship than Eq. (18) because constancy of (aw/aT)P
below Tc is assumed. If the inner field description were valid, the specific heat
anomaly would reduce to the well-known expression,

(cg = ¢p) = =(v/20)dP?/aT. (20)

Eq. (12) through (19) are applicable to a substance which undergoes a second
order ferroelectric transition. A first order transition can be described in
terms of G] by assuming that w is a function of temperature (as before) and that
either ¢ or ¢ is negative. An analysis similar to that for the second order
transition gives the following relationships near the Curie temperature:

ofT,) 3:2/16c (21)

and

-3e2/4¢, (22)

2
P.(T.)

The Pyroelectric Effect

A relationship between pyroelectricity and the electrocaloric effect is
evident from their definitions. The nature of this relationship would be expected
to depend upon the experimental conditions under which the effects were observed,
in particular, which of the state variables (X, x, E, P, S, and T) are held
constant. Most processes can take place by alternative roundabout paths; for
example, the "primary" pyroelectric effect (dT + dP) at constant strain is
usually less than half as large as the “secondary" effect (dT » dx - dp) in which
thermal expansion (dT > dx) produces a piezoelectric effect (dx -~ dP). The
relative importance of the various possible paths is determined by the experimental
conditions imposed (constant stress, constant field, constant entropy, etc.) and
by the magnitude of the coefficients (thermal expansion, piezoelectric, etc.)
involved. This situation can be clarified by specifying the imposed conditions,
and by distinguishing between independent and dependent variables.

13




A convenient choice of independent variables sufficient to specify the
state of pyroelectric (electrocaloric) material is X, E, and T; the dependent
variables are then x, P (or D), and S. A differential change in the polariza-
tion dP(X,E,T,) is then written,

dP = (aP/aX)E’TdX + (ap/aE)X,TdE + (aP/BT)X’EdT. (23)

If the crystal is short-circuited (E = 0) and mechanically free (X = 0), only
the dT term remains which is commonly written

X,E

dP = p’tdT (24)

Another view of the same process is obtained by choosing x, E, and T as the
independent variables which gives

dP = (aP/ax)E’de + (aP/aT)X’TdT;

substituting dx = (ax/aT)X EdT
]

gives dP = [(aP/ax)E T(ax/aT)X £t (aP/aT)X E]dT. (25)

This equation signifies that the pyroelectric polarization can be regarded as
the sum of a primary effect (dT - dP) for a clamped (x = 0) crystal superimposed
upon a secondary effect which occurs via a roundabout path (dT » dx -~ dP), a
path which is interpreted as a thermal expansion dx = ax,E

piezoelectric charge eE’de. Writing px,E

dT which produces a
for (aP/aT)x g» the primary pyro-
electric coefficient of the clamped crystal, gives

ap = (eE:ToXE & pX:Byqr

and so poB | p%E o EaTXoE (26)

Continuing the analysis reveals that eE’T

(dX = dx) which induces a direct piezoelectric effect:

can be regarded as strain-induced stress

(P/3x)py = (aP/ax)E’T(aX/ax)E,T

14



E,T

which can be written as e *" = dE’TcE’T

so that

pX,E _ px,E

dFrTalEET, (27)
Thus the pyroelectric effect in a free, short-circuited crystal can be regarded
as being comprised of a primary effect (dT - dP) at constant strain plus a round-
about virtual path (dT -+ dx -~ dX » dP).

Studies of pyroelectric radiation detectors]2 has shown that the external
impedance into which the pyroelectric device is delivering its signal is import-
ant. The case just discussed (dE & 0) is relevant to the use of a low-impedance
detector. If a high-impedance detector is used, dD # 0 rather than dE & 0, and
Eq. (23) will give

& = -(1/e x> V) (P/3T)y odT = -(1/e 2T )pXoEar (28)
0 X,E )
X,T . . .
where e x is written in place of (aP/eE)X T
The important feature is the appearance of the factor pX’E (aP/BT)E X

which appears in the dE form of the electrocaloric equation, Eq. (4) as well as
in the pyroelectric equations, Eq. (24) and (28). Thus the same crystalline
property gives rise to both effects.

In addition to distinguishing between the primary and secondary effects
which can occur in both pyroelectric and electrocaloric measurements, one must
recognize the tertiary effects which arise from inhomogeneous temperatures or
fields. These effects are much more easily eliminated in the electrocaloric
experiments than in the pyroelectric experiments.

15




APPARATUS AND TECHNIQUES

Crystalline Samples

Large crystals, about 1 cm x 1 cm x 2 mm, are needed for accurate electro-
caloric measurements, and they must also be oriented with their major faces
perpendicular to the polar axis. Moreover, several equivalent specimens are
needed because they frequently crack when subjected to high fields near the
critical temperature. Many of the crystals tested were grown in these labora-
tories, but most of the data used were taken from commercially-grown specimens.

Each crystal was given a coat of air-drying silver paste over its entire
major surfaces. The lower surface was then sprayed with a very thin insulating
layer of Formvar to which a copper-constantan thermocouple was attached. This
thermocouple was used to measure the electrocaloric effect. The crystal was
suspended by cotton threads in a massive copper chamber which is depicted in
Fig. 1. The sandwich-like mount previously used for Rochelle sa]t8 proved to
be impractical for most of these studies because the large piezoelectric stresses
between the two plates and the cement between them caused the crystals to
shatter. Without the cement, cumulative slippage between the two crystals
occurred until the high voltage lead connecting the outside layers of the sand-
wich would be short-circuited to one of the central electrodes.

A critical feature of the mounting of the crystal is the compromise that
must be made in attempting to achieve both high electrical resistance and
intimate thermal contact between the thermocouple and the specimen's electrodes;
a leakage signal of a few hundredths of a microvolt per second could invalidate
the measurements, and several trials are sometimes needed to achieve the desired
condi tions.

Prevention of electrical arcs by evacuating the inner chamber at the Tower
temperatures and higher applied fields was sometimes unsuccessful. In these
instances arcing was prevented by adding nitrogen or helium gas at atmospheric
pressure. Of course such gas greatly decreased the thermal insulation of the
specimen, but the temperature recorder responded to the largest temperature change
observed in about one second which was fast enough to permit identification and
elimination of spurious effects due to non-adiabatic conditions as well as
switching pulses, etc.

16




3 RES. THERMOMETER LEADS
2 TEMP-CONTROLLER LEADS

HIGH-POTENTIAL LEAD
Ae>TSTTS_- THERMAL SHIELD FLUID
~ L LD

|1

11_——cooLANT FLUID
: /WOODS-METAL SEALS

NO.40 CU TO NANOVOLTMETER
)
//
|_—T.C. NO. |
==l | ——VACUUM-INSULATED OVEN

!

2\

- -

N\

b g

IR

T T |
1
)
;

|

!
i
%

R
T (NN T RANTE

’
1 0
a4

2.1-KG. CU CHAMBER

I
N\\Y

T———REF. JUNCTION, J

T
I

T1™——T.Cc. NO. 2(NO.50CU ~ NO.45CN.)

CRYSTAL
HIGH-VACUUM SPACE

~ L7 VACUUM. INSULATION

OO NNNNNNNN]

FIG.I CONSTANT TEMPERATURE CHAMBER

17




Temperature Regulation of the Sample Chamber

Electrocaloric temperature changes are small, often in the fractional milli-
degree range, so that very stable regulation of the sample chamber was required.
An a-c Wheatstone bridge and phase-sensitive thyratron controller similar to the
kind described by BPOOkS]Q was used which controlled the reference junction to
about 0,01 microvolt (approximately 4 x 10'4°K).

Measurements of Electrocaloric Temperature Changes

Electrocaloric temperature changes were measured with the thermocouple which
was made of No. 50 copper vs. No. 45 constantan and was glued to be electrically
insulated from the lower electrode. See Fig. 2. The massive copper chamber
served as the reference junction. The emf of the thermocouple was ampliified by
either a Liston-Becker breaker amplifier or a Keithley Nanovolt Null Detector and
then displayed on an 11-inch strip-chart recorder. At the highest sensitivity
employed, the peak-to-peak noise signal was about 3 nanovolts which corresponds
to a temperature difference of about 8 x 10'5°K. Any desired amplification was
obtainable, and the appearance of the noise on the strip chart was such that
electrocaloric signals as small as the noise level could be observed.

The heat capacity of the leads, electrodes, etc. 1is small compared to heat
capacity of the specimens, and the heat losses were so low that no correction
for them (which could have been made by extrapolating the temperature record
backwards) was necessary.

Measurement of Electrical Polarization

The electrical polarization of the specimen was measured by means of a
breaker preamplifier or Keithley electrometer connected across the polystyrene-
film capacitor CD as shown in Fig. 2. The charge was read on a strip-chart
recorder.

Provision was also made for observing and photographing 60-hz hysteresis
Toops as presented on an oscilloscope. The observations were used for prelim-
inary measurements and general survey purposes only.

Procedure of Measurement

Simultaneous records were made of the temperature of the chamber (the
ambient temperature), changes in the electrical polarization of the specimen and
changes in the temperature that occurred in the specimen. At each ambient
temperature, several cycles of polarization were traversed in order to establish
steady-state conditions before data were taken. After that, the hysteresis cycle
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was ordinarily traversed "point-by-point" in a series of pre-determined step-
wise changes in the applied field. Each step required about one second, fast
enough to insure adiabatic processes and slow enough to avoid sudden crystalline
strains and spurious electrical pulses. The steps were spaced either one or

two minutes apart. Some "single-step" measurements were taken in which the
field was switched completely on or off.

Out in the tail of the hysteresis loop where measurements are especially
valid because the polarization is thermodynamically reversible but where measure-
ments are difficult because the polarization is nearly saturated, the sensitivity
of the measurements was greatly increased by applying a known biasing charge to
the capacitor CP to supress the zero of the charge-measuring equipment and then
increasing the amplification of the electrometer. _

A program for processing the data obtained from the recorder traces and
automatically plotting the more important computed quantities was written in
Fortran IV for IBM 7040 computer and was modified later for use with a GE 625.
For each temperature, both a graph of the hysteresis loop (P vs. E) and the
electrocaloric effect (cumulative changes in T vs. E) were obtained together with
tables of other significant quantities. The plotted results presented in this
report were redrawn by hand.

Special procedures required for the experiments with tartaric acid are des-
cribed later in this report.
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DISCUSSION OF RESULTS

Potassium Dihydrogen Phosphate KH2P04

Potassium dihydrogen phosphate is one of a dozen or so phosphates or
arsenates that are known to become ferroelectric. The dielectric properties
of crystalline KH2P04 have been extensively studied by Busch and Scherrer,20

2] and by Barkla and Finlayson.22 The specific heat anomaly wa
23

by Baumgartner,
was observed by Stephenson and Hooley.

Chemical formula KH2P04

Dimensions of crystal 23.85 mm x 13.93 mm x 2.974 mm
Density 2.32 g/cm3

Crystal symmetry (above Tc) Tetragonal

Ferroelectric axis Tetragonal ¢

Specific heat From Stephenson and Hoo]ey23
Curie temperature 123°K

Range of temperature studied 78°K to 136°K

KH,PO, in the Paraelectric Phase
Eq. (6) and (7) for the electrocaloric effect in a paraelectric substance
are particularly useful; if the Curie constant, density, and specific heat of

a sample are known, then the degree of agreement between the measured electro-
caloric effect and these two equations serves as a criterion for the validity
of the electrocaloric measurements. Conversely, once the validity of the
method is established, the electrocaloric measurements can be used to determine
properties such as the Curie constant.

Eq. (6) predicts that the electrocaloric temperature change is quadratic
in the applied field,

_ 2 2
AT = ¢ CTAES/2pci(T - Tp) (6)

Fig. 3 displays typical results of step-by-step dielectric and electrocaloric
measurements above the Curie temperature. The plotted values of AP and AT are
cumulative changes so that any error of closure for a complete cycle of electro-
caloric (AT) measurements represents the cumulative errors in the measurements
of AT for the individual steps, irreversible effects in the specimen being

ruled out in this instance because of the obvious reversibility exhibited by
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the polarization. The excellent agreement between the experimental results and
those predicted by the theory is evident: P is a linear function of E, and aT
is a quadratic function of E. A parabola (not drawn in Fig. 3) that was fitted
to the maximum value of polarization fell neatly between the two traces for
positive values of E. The other measurements in the paraelectric region gave
similar results at temperature ranging from 136°K (where the effect becomes
very small) down to within a few tenth: ...f a degree above the Curie temperature.

Eq. (7) predicts that the electrocaloric effect has a quadratic dependence
on the polarization,

2
AT = TaP /ZeOCpcp. (7)

This seems obvious from the dependence of AT on E2 and the linear dependence of
P upon E. However, a different specific heat appears in Eq. 7, Cp instead of
Cp» and the measurements on KH2P04 above Tc were taken primarily to determine
the validity of the measurements. So, with the use of Eq. (7) in mind, experi-
mental values of AT were plotted against AP2 with the results shown in Fig. 4.
The straight lines which intersect the origin are in agreement with Eq. (7).
These data can be used to determine the Curie constant: Eq. (7) together with
the known values of density and specific heat at constant polarization, yields
values for 1/eoc that are in fair agreement with Baumgartner's measurementSZ]
and with the values we obtain from dielectric measurements. Fig. 5 represents
these comparisons.

The use of Eq. (13) in obtaining the first Devonshire coefficient » from
electrocaloric measurements can be illustrated for KH2P04 in the paraelectric
state.(Of course, a more accurate value can be obtained directly from the
dielectric measurements in this instance.) Integration of Eq. (13) over a small
range of temperature AT gives

(3u/3T)p = (20cp/T)aTeP%. | (29)
The value of w at the paraelectric Curie temperature is practically zero because
the Curie-Weiss law gives infinite susceptibility at this temperature. With
w+0a T~ Tp as a boundary condition, A(T) can be determined from the electro-
caloric measurements. Fig. 5 gives the values of dw/3T, so the values of w(T)
in the paraelectric range are established.
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KH,PO, in_the Ferroelectric Phase

Below the Curie temperature, the Curie-Weiss law will obviously not serve
as an equation of state; the electrocaloric effect obtained below the Curie
temperature, shown in Fig. 6, is qualitatively different from the effect obtained
above the Curie temperature, shown in Fig. 3. The measurements shown in Fig. 6,
though taken just below the Curie temperature for contrast with Fig. 3, illus-
trate the type of results obtained down to the lowest temperature, 78°K.

0f course, the more general thermodynamic relations of Eq. (2) and (4)
are still valid. Consider first the AP form of the electrocaloric equation,

AT/AP = (T/pCP)(AE/AT)P. (2a)

One would expect to be able to evaluate (AE/AT)P directly from Eq. 2a by measur-
ing the electrocaloric effect and obtain an equation of state, E = f(T,P), by
integrating Eq. (2a). The difficulty is that the electrocaloric effect (or

other effects for that matter) cannot be measured at arbitrarily-selected values
of P; in particular, values of P smaller than PS are not experimentally accessible,
values of P corresponding to low values of E are not thermodynamically reversible
because of hysteresis, and P does not change much beyond its saturation value

at high values of E.

The recourse employed was to look at the general features of the ferro-
electric transition (i.e., whether it is of first or second order), assume a
physically reasonable expression for the equation of state (or an equivalent
expression for the Elastic Gibbs function G]), and then compare the computed
values of the electrocaloric effect to the measured values.

If KH2P04 undergoes a second order ferroelectric transition and if the only
temperature-dependent coefficient in the expansion of Gy is w (see Eq. (11)),
then Eq. (2a) becomes identical to Eq. (13) which can be written for a path
a->b as

AT = (T, = T,) = (T/ecy)(2u/aT), (P2 - PE). Eq. (13)

a

Therefore, a plot of AT vs. Pg obtained when the applied field is removed should
yield a straight line which intersects the P2 axis at PE. Fig. 7 shows such

plots. The departures from linearity at low values of P are due to irreversibility
(hysteresis); they should disappear as the Curie temperature is approached as
indeed they do. Extrapolation of the linear portions of Fig. 7 give values for
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Ps' These "electrocaloric" values are shown in Fig. 8 together with the values
obtained from static dielectric measurements of the hysteresis cycle on the

same specimen. The agreement is good; moreover, the electrocaloric data require
less extrapolation and give their most reliable values for PS(T) near the Curie
temperature, the very region where the extrapolation of the hysteresis curve

to E = 0 is less certain. The ferroelectric Curie temperature given by these
electrocaloric data is 123°K. The short lines on Fig. 8 are values of aP/3sT
computed from the electrocaloric measurements by means of Eq. (4a). The values
of P and T (represented by open triangles) through which the 1lines representing
P/ 3T are drawn are located above the curve representing PS vs. T because the
electrocalroic measurements were made in the reversible region near the tips
of the hysteresis loops. These results indicate that, unlike Rochelle salt,
the value of 3P/3T is approximately independent of electric field even within
a few- degrees of the Curie temperature.

8

Unfortuantely these data are not sufficiently accurate to permit a
determination of dw/9T throughout the ferrocelectric region. The inaccuracy
lies not in the measurements of AT but in the measurement of the relatively
small changes in polarization that occur near the tips of the hysteresis loops,
i.e. in the nearly reversible region. The accuracy of the measurements in this
region were improved by applying a known biasing charge to supress the zero of
the charge-measuring equipment, increasing the sensitivity of the charge measure-
ments and then measuring AP and AT for stepwise changes in E in the tips of the
hysteresis loops. Typical results at the highest fields are shown in Fig. 9 on
a magnified scale. An incidental conclusion is evident from Fig. 9: the
polarization of KH2P04 does not become linear in E at the highest fields used.
This is consistent with the Devonshire formalism.

With Eq. (2) in mind, measured values of the quantity (pcP/T)(AT/AP)s
which is equivalent to (aE/aT)P are plotted as a function of temperature (Fig. 10)
and of polarization (Fig. 11) over the entire temperature range of interest.
These figures show that (aE/aT)P is not a function of temperature alone or of
polarization alone. Attempts were made to fit the measured values of
(pcP/T)(AT/aP)s to an analytical expression for (aE/aT)P that was derivable from
an expansion of Gy according to Eq. (1),

G, = G . + wP2/2 + £P4/4+ cP6/6 +oeee (1)

1 10
from which
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3+Cp5+ D)

E = (36/3P)y = wP + P

3.63 x 107, £ =0, and ¢ = -4.80 x 10'2,

the degree of fit being evident from Figs. 10 and 11. With these constants,

The best fit was obtained for w

Eq. (11) fits the high-field electrocaloric measurements fairly well right on
through the Curie temperature, but it predicts erroneously that the value of
(aE/aT)p should increase at lower values of E and P. A non-zero value for ¢
(a p3 term in the equation for E) did not correct this discrepancy.

The cause of the discrepancy is not known. It is not due to irreversible
effects: integration of the entire hysteresis cycle at 115.19°K, for exampie,
yields only 469 joules of heat which would increase the temperature of a
specimen only 6 x 10'4°K, and Fig. 9 shows that the polarization is nearly
reversible in the tips of the hysteresis loops. Moreover, the small effects
of irreversibility tend to be cancelled by our averaging of the measured values
of AT/sP for polarization and depolarization at each field step.

In spite of the inadequacy of the inner-field model of ferroelectricity,
we felt that it was interesting to determine the inner field constant y from
the electrocaloric measurements, i.e. from Eq. (9) which can be written

Y = ocp(aT/aP)/P. (9)

Measured values of v (below the Curie temperature only) are shown in Figs. 12
and 13. The solid line of Fig. 13 represents the equation

3

y = 5.15 x 10” exp (0.1085T).

Comparison of these two figures shows that vy, far from being a simple constant,
is not even dependent upon temperature alone. Thus the electrocaloric measure-
ments confirm the idea that an internal field parameter y which is based on
long-range electrostatic forces between dipoles is not a proper foundation on
which to build a model of ferroelectric polarization.

The Pyroelectric Coefficient for KH,PQ,

For a stress-free crystal, the pyroelectric coefficient pX’E discussed

eariier in this report reduces to
E _
p- = (aP/aT)E.

The subscript and superscript E denote a constant-field process; e.g., this
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expression is applicable when a pyroelectric signal is delivered to a Tow-impedance
detector. Combining the definition of pE with the E form of the electrocaloric
equation Eq. (4a), gives

pt = - (pc/T)(AT/4E). (29)

We computed pE at various temperatures from measured values of the electrocaloric
effect as suggested by Eq. (29). Values of the specific heat Cp were obtained
from Stephenson and Hoo’ley.23

The results of this computation are shown in Fig. 14 and should be compared
with qualitatively similar results for other substances that are discussed later,
Values of pE in the paraelectric region are not plotted; they can be computed from
the Curie-Weiss Tlaw.

Triglycine Sulfate (NHZCHZCOOH)3-HZSO4

Triglycine sulfate undergoes one second order ferroelectric transition at
322.60°K (49.54°C). Its dielectric properties have been investigated by Hoshino24
and others.25 Its use as a pyroelectric detector has been considered by the Sperry

Gr‘oupm’]?"]4 and by Chynoweth.]]
Chemical formula (NHZCHZCOOH)a-HZSO4
Dimensions of crystal 2.82 cm? x 3.19 mm
Density 1.68 g/cm3
Crystal symmetry (above TC) Monoclinic
Ferroelectric axis Monoclinic b
Specific heat24 Cp = 419 + 1.747T joules/Kg
Curie temperature 322.60°K(45.45°C)
Range of temperature studied 273°K to 334°K

TGS in the Paraelectric Phase
The typical dielectric and electrocaloric behavior observed for triglycine

sulfate (hereafter called TGS) in its paraelectric phase are shown in Fig. 15.

The measurements for TGS are consistent with the Curie-Weiss law as shown in

Fig. 16. The solid line represents the Curie-Weiss law with Tc = 322.6°K (49.45°C)
and C = 3260. Both of these values are in reasonable agreement with published
determinations by a-c methods; the most recent measurements are those of Gonzalo
who gives Tc = 49,40°C and C = 3560, Hoshino24 reports TC = 48°C and C = 3280.
Measured values for the electrocaloric effect in the paraelectric phase are dis-
played below, along with those for the ferroelectric phase.

26
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TGS in the Ferroelectric Phase

As TGS is cooled through the Curie temperature, the electrocaloric effect
changes abruptly from being quadratic in E (see Fig. 15) to being linear in E
as shown by the typical measurements displayed in Fig. 17. In this instance the
hysteresis effect is negligible except for small values of E.

The electrocaloric effect and the polarization in both of the two specimens
studied extensively was asymmetrical with respect to E as shown in Fig. 17. The
asymmetry disappears as the crystal is heated above the Curie temperature but
reappears again in the same direction, though not always in the same amount, when
the crystal 1s re-cooled. There are two aspects to this asymmetry: one is the
often-reported internal bias of the ferroelectric phase, and the other is a
gradually-slowing drift of charge that follows the "instantaneous" polarization
accompanying each change in E. The rates and magnitudes of these drifts are also
asymmetrical in E. We attribute these drifts to a combination of ferroelectric
relaxation polarization and ohmic conduction within the crystal., Asymmetry in
the polarization of TGS has also been observed by Hoshino?4 and by Chynoweth]].
Chynoweth having observed asymmetry in the pyroelectric effect as well. Large
differences exist between the hysteresis loops taken at 60 hz, at 1 field step/
minute, and 1 field step/5 minutes (see Status Report No. 4)17. For example, the
short vertical solid and broken lines in Fig. 17 show the coercive field for the
hysteresis loops taken at 60 hz and 1 step/5 min. respectively.

These relaxation effects are particularly vexing to us because they preclude
accurate determinations of the "instantaneous" values of P from the recorder
trace. Moreover, the asymmetry and relaxation properties of the crystals are not
constant, their behavior becoming somewhat more consistent with use,

Fig. 18 shows the electrocaloric effect observed at various temperatures.
The upper curve represents the cumulative sum of the step-wise electrocaloric
temperature changes for a maximum applied field of 305.6 kV/m, and the lower curve
represents corresponding values for a field of 128.4 kV/m.

Fig. 19 shows the variation of static polarization with temperature at
E = 306 kV/m and at E = 0,

Detailed measurements of AP and AT vs. E near the tips of the hysteresis
loops were made at increased sensitivity by employing the charge-biasing techniques
previously cited.

When the electrocaloric measurements taken at increased sensitivity were
compared to values computed from Eq. (11), it was found that only the P2 term
which includes the first Devonshire coefficient w is needed to give the best fit.
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That is, unlike KH2P04, TGS is reasonably well described by Eq. (13) which can be
rewritten

(9w/oT) = pCpAT/TP P

if AT << T and AP << P as is the case for measurements taken near the tips of the
hysteresis loops. Fig. 20 shows the measured values pCPAT/TPAP throughout the
temperature range over which the electrocalroic effect is appreciable.

The scatter of the points in Fig. 20 is due partly to the relaxation effects
which make consistent measurements of AP difficult, but it is due mostly to
actual changes in the crystal produced by the electrical and thermal treatment.
The values indicated by the circles in Fig. 20 were obtained with a "fresh" speci
men before it had ever been heated above the Curie temperature, and these values
were given less weight in drawing the solid line.

Some uncertainties notwithstanding, two conclusions can be drawn: (1) there
is continuity in the value of 3w/3T at the Curie temperature, and (2) the value
of 2w/3T begins to drop appreciably at low temperatures. This continuity in the
value of 3w/dT through the Curie temperature is greatly different from the be-
havior of potassium dihydrogen phosphate.

As shown by information contained in Figs. 15 and 17, TGS obeys the Curie-
Weiss law so that Eq. (12) reduces to

E=wP=(T- Tp)P/eoC

above the Curie temperature. Consequently, w must be zero at the Curie tempera-
ture. The value of w(T) can then be obtained from Fig. 20 be integration. The
resulting values of w are displayed in Fig. 21 together with the values (shown by
the broken line) predicted from the Curie constant.

The Pyroelectric Coefficient for TGS
The pyroelectric coefficient pE was determined from measurements of the
electrocaloric effect via Eq. (29),

pF = - (pcp/T)(AT/4E). (29)
24

Values of Cp were obtained from Hoshino and Mitsui. The varéation of pE with
temperature is shown in Fig. 22. In the ferroelectric phase p~ is approximately
independent of the field. In the paraelectric phase the electrocaloric tempera-
ture rise is quadratic in E as predicted by the Curie-Weiss Taw. Consequently
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the sensitivity of a radiation detector used in its paraelectric phase could be
adjusted at will by changing the biasing field. The sensitivity at the maximum
field used in these experiments (305.6 kV/m) is shown in Fig. 22.

Potassium Dihydrogen Arsenate KH2A504

This substance was selected for study because it is similar to KH2P04.27’28
As pointed out in the preceding sections of this report, the electrocaloric
effect in KH2P04 appeared to be unlike the effect in Rochelle sa1t8 and in tri-
glycine sulfate. In particular, we were unable to find a Gibbs function G]
that would predict both the variation of the electrocaloric effect and the ferro-
electric behavior with temperature; moreover, the first Devonshire coefficient w
for KH2P04 was not well-behaved near the Curie temperature.

Chemical formula . KH2A504

Dimensions of crystal 0.868 cm x 2.65 mm

Density 2.87 g/cm3

Crystal symmetry Tetragonal

Ferroelectric axis Tetragonal ¢

Specific heat From Stephenson & Zett]emoyer29
Curie temperature 896°K

Range of temperature studied 90.45°K to 100.57°K

5ﬂ2A50471n the Paraelectric Phase

The behavior of KH2A504 proved to be similar to KH2P04 in both the paraelec-
tric and ferroelectric phases, thus corroborating the work on KH2P04. Typical
static polarization and electrocaloric temperature changes for KH2A504 above the
Curie temperature are shown in Fig, 23. Potassium dihydrogen arsenate obeys the
Curie-Weiss law, the Curie temperature being 94.25°K and the Curie constant being
2349 as determined from the electrocaloric measurements,

KH;AsQ, in_the Ferroelectric Phase

Fig. 24 illustrates the behavior of this substance below the Curie tempera-
ture. The Towest of the three curves in Fig. 25 represents the remanent polariza-
tion, the values of P at E = 0, as read from our step-wise hysteresis loops
(e.g. Fig. 24).

The middle curve represents a near-coincidence of three values: (1) the
polarization attained at the maximum applied field, (2) the spontaneous polariza-
tion Pg obtained by extrapolating the tips of the hysteresis loops to E = 0, and
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(3) values of PS determined from the electrocaloric measurements by extrapolating
plots of AT vs. P2 to the AT = 0 axis in the manner depicted in Fig. 7.

Each field step applied to KH2A504 produces a sudden change in polarization
which is followed by a slow "relaxation" polarization similar to that observed
with KH2P04 but much smaller. Normally, only the part of the polarization that
appeared to be "instantaneous" on the strip chart was measured. (There was a slight
indication that a slow temperature change accompanied the slow part of the die-
lectric polarization, but only the "instantaneous" changes were included in the
measurements.) The upper curve in Fig. 25 gives the polarization at maximum field
with the slow “"relaxation" part of the polarization included.

Evidently the ferroelectric Curie temperature Tf, the temperature at which
Ps disappears when the substance is heated, is nearly 2°K higher than the para-
electric Curie temperature Tp. This behavior is characteristic of a first-order
rather than a second-order transition.

With Eq. (2) in mind, measured values of the quantity (pCP/T)(AT/APS)S which
is equivalent to (aE/aT)P are plotted as a function of temperature in Fig. 26
which is analagous to Fig. 10 for KH2P04. As was the case for KH2P04, an expan-
sion of the Gibbs function that agreed with the measured values both above and
below the Curie temperature could not be found. Above Tc’ the Curie-Weiss law
agrees with the experimental values fairly well (see Fig. 26), but below TC a
better fit was obtained by putting the temperature dependence into the coefficient
£ rather than ¢ so that

w = 3.66 x 10
and g =-4.00 x 1001_ )/
which gives E = 3.66 x 10% - 4.00 x 10'0(r_- 1)1/ p3,
(3E/3P); = 3.66 x 108 = 12.0 x 1010 (T_ - 1)1/%2,
and (3E/3T), = 1.00 x 1010 P3/(1_ - )34,

The latter expression is represented in Fig. 26 by the solid line below Tc'
Setting the preceding expression for E equal to zero, correctly predicts a polari-

zation catastrophe at T = Tc’

i -3, oy 1/4
Pe = 9.15 x 107°/(T_ - T) /%,
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The Order of the Transition in KH2_§Q4

In practice, the distinction between a first and second order phase transi-
tion is often difficult; the latent heat may be small and confused by thermal
hysteresis of the transition temperature and discontinuities in spontaneous polar-
ization, the phase change may be a slow process, or susceptibility may be reduced
to negligible values by the finite measuring field. Moreover, the transition may
be spread over an appreciable temperature range because of crystalline strains,
impurities, or other defects. Our measurements show a discontinuity in the
spontaneous polarization (Fig. 25), a discrepancy between T, and Tp, and an
anomalous behavior of w; all of these suggest that the ferroelectric transition
in KH2A504 is of first rather than second order. Consequently, we looked for a
latent heat of transition by the method of cooling.

Only enough of such a cooling curve is reproduced in Fig. 27 to display the
following features: the constant rate of cooling except in the transition regionl
the small "hook" in the cooling curve which suggests some supercooling, and the
regressions in the behavior of polarization with respect to both time and
temperature that appear in the region of the "hook." OQur results differ from the
careful measurements of Stephenson and Zett]emo_yer29 in two definite respects:

our "transition temperature" is spread over about 1.3°K whereas theirs is spread
over 9.2°K, and their cooling curves show no evidence of supercooling. We believe
that these discrepancies arise because our measurements were made on a short-
circuited single crystal whereas theirs were made on granular or powdered material
in which the formation of domains and the lack of field-free conditions would
smear out the transition. These discrepancies and the "hook" in our cooling curves
tend to confirm the evidence from out dielectric and electrocaloric measurements
that the ferroelectric transition in KH2P04 is of first order and to verify our
results obtained with KH2P04.

The Pyroelectric Coefficient for KH,,ASOq

Above the Curie temperature, the measured values of the pyroelectric coef-
ficient pE agrees with the value computed from the Curie-Weiss law. Below Tc’
the needed accurate values of ¢ for a short-circuited single crystal are not
available for the calculation.

Tartaric Acid C4H606
The electrocaloric effect in crystalline tartaric acid was investigated
because it is known to be pyroelectric. Tartaric acid presumably possesses a
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spontaneous or intrinsic electrical polarization which, 1ike the polarization in
a ferroelectric substance, is temperature dependent but unlike the polarization in
a ferroelectric substance is not reversible by the application of an electric

field. The pyroelectric coefficient pE of tartaric acid is known to be 1arge,30’3]

E

pt = (aP/aT)g = (D/0T); _ o = 2.5 x 107

cou]/m2 deg,
and this quantity (BP/aT)E appears in the dE form of the electrocaloric equation
(AT/AE)S = - (Tch)(aP/aT)E. (4a)

One would expect that tartaric acid with its non-reversible polarization, would
exhibit electrocaloric behavior like that of a ferroelectric substance which had
been electrically biased well into the reversible tail of its hysteresis loop.
Thus the desirable condition in which there is negligible motion of domain walls
(or perhaps no walls at all) would be automatically achieved.

Chemical formula C4HgO0g

Dimensions of crystals (several used) 1.5 cn® x 2 mm (approx.)
Density 1.760 g/cm3

Crystal symmetry Monoclinic

Pyroelectric axis Along [110]

Specific heat Unknown

Range of temperature studied 91.1°K - 441°K

The Intrinsic Polarization of Tartaric Acid

The only published value that we have found for the intrinsic polarization
PS of a pyroelectric crystal is Voigt's estimated lower limit of 33 esu/cm2
(0.m mi]]icou]/mz) cited by Cady30 for tourmaline at 24°C. Voigt obtained this
value by cleaving a crystal perpendicular to its pyroelectric axis and immersing
the two parts in cups of mercury that were connected to an electrometer. This
method is subject to much error. We have found that reproducible values of PS
can be obtained by measuring "thermally induced currents.”

The thermally induced current in a polarized dielectric which is heated or
cooled at the rate 3T/at is given by the expression

i = AdP/dt = A(aP/aT)(aT/at); (30)
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it is the current that flows when a short-circuited crystal is heated or cooled.

In principle, if the crystal is heated until PS is reduced to zero, the value of
PS as a function of temperature can be determined by integrating the thermally
induced current; however, there is no way to know from measurements of the external
current whether Ps really disappears or is masked by internal conductivity as the
temperature is raised. Moreover, the true thermally induced currents may be
mingled with currents arising from excessive temperature gradients (so-called
tertiary pyroelectricity) or by internal migration of charge caused by previous
electric fields, for example fields that were generated by the crystal's own
pyroelectric effect.

A number of bothersome effects were found to occur near the temperature at
which PS disappears: Tlarge erratic currents flow, the crystal's surface appear-
ance changes slightly, and the thermally induced currents become quantitatively
irreversible with respect to temperature. The onset of irreversibility was
chosen as the criterion for determining the temperature at which PS disappeared.

To test its validity, the method of determining P (T) from thermally induced
currents was tried on triglycine sulfate for which P (T) is known from both
hysteresis and electrocaloric measurements.24 Y At temperatures below about
323°K the crystal chamber described in Fig. 1 and Fig. 2 was used but with the
electrometer used as an ammeter rather than a coulombmeter, At higher tempera-
tures where the Wood's-metal seals fail, the apparatus shown in Fig. 28 was
used. A number of trial runs with triglycine sulfate demonstrated that
PS(T) can be obtained with good accuracy by measuring thermally induced currents.

Values for the polarization of tartaric acid that were obtained by integrat-
ing the thermally induced depolarization current are shown in Fig. 29. It
represents measurements on two virgin samples; one was heated from 298°K through
jts transition temperature, the other was cooled from 328.9°K to 104.8", and the
two sets of data were fitted at 305.4°K. Our values for P are much larger than
the value 0.11 millicoul/m, previously cited.?

Comparison of Fig. 29 with the well-known behavior of ferroelectric substances
reveals a similarity between PS(T) for pyroelectric tartaric acid and ferro-
electric substances which undergo a second-order transition. This phase change
occurs at 396°K if deviation from thermally reversible polarization is taken as
the criterion (but see Fig. 33 in the next section).
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The Pyroelectric Coefficient for C,,HS_Q6
The pyroelectric coefficient pE

for a short-circuited unstressed crystal is

given by the slope (aP/aT)X g of Fig. 29. Its value as a function of temperature
is shown in Fig. 30.

The Electrocaloric Effect in Tartaric Acid

Electrocaloric and dielectric measurements were made on crystalline tartaric
acid from 91.10°K to 320.16°K., Typical results for two different temperatures
are shown in Figs. 31 and 32, The evident linearity of both the changes in
polarization and the electrocaloric effect with applied field would be expected
by analogy with a ferroelectric substance that is biased nearly to "saturation,"
Moreover, the reversal of the sign of AT at E = 0 shows that the polarization of
tartaric acid does not reverse under the influence of the applied field; examina-
tion of the equation

AT = -(Tch)(BP/aT)E, (4a)

reveals that unless (aP/aT)E fortuitously changes sign at E = 0, the sign of P
does not change with E. A field applied adiabatically and antiparallel to P
will tend to increase the entropy of the crystal, so its temperature will tend to
fall. By contrast, a field in either direction tends to decrease the entropy of
a ferroelectric crystal which is compensated for by a rise in temperature.

Some idea of the relative magnitude of the field-induced polarization compared
with the spontaneous polarization can be obtained from the following numbers:

Induced P
Temperature for E = 3kV/cm Ps(E = Q)
90°K 13.5 uCoul/m? 7,300 ,Coul/m?
300°K 13.5 uCoul/m? 3,670 uCoul/mé

Notice also that the static electric susceptibility seems to be independent of
temperature, a result that was confirmed from the dielectric measurements from
90°K to 320°K and which is distinctly different from that obtained for ferro-
electric substances. We obtained a mean value of K = AD/eoE = 5,22 for the
differential static dielectric constant which corresponds to x = 4.22. This
value is somewhat larger than Mason's],5 but his value was evidently obtained at

a frequency of 1000 hz, so our "static" value should be higher than his. Mason's
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value for the temperature coefficient of K is 1.9 x 10'4/°C which is doubtfully
perceptible in our measurements.

Because tartaric acid presumably does not break up into domains like ferro-
electric substances do, there is a better chance to obtain valid measurements of
P and then obtain an equation of state by fitting measured values to a physically
reasonable analytic expression. In our case, a cue to obtaining such an analytical
expression came from the well-known expression for the spontaneous polarization
of a ferroelectric substance,

2

P = - w/e, (15)

where w is a Curie-Weiss term, (T - Tc)/eOC, and ¢ is a constant (for a substance
which undergoes a second order transition). Accordingly, the measured values
for PS2 that we previously obtained for tartaric acid by the method of thermal
depolarization were plotted vs. T with the result shown in Fig. 33. Besides
exhibiting a linear relationship between P2 and T, a notable property of tartaric
acid exhibited in Fig. 33 is the disappearance of the spontaneous polarization
at a critical temperature Tc' We refrain from calling TC a "Curie temperature"
because we have no evidence that the crystal obeys a Curie-Weiss law above Tc; in
fact, the crystal rapidly becomes electrically conductive as it approaches TC.
Except in the small region close to the critical temperature Tc’ the spontan-
eous polarization of tartaric acid as a function of temperature is well represented
by a linear expression in the temperature,

p 2

-6
. (

= 0.182 x 107 (375 - T) coul?/n’.

An expression for the field-induced polarization of tartaric acid can be
obtained directly from the experimental values presented in Fig. 32; it is

AP = 37.3 x 107V24E,

At this point we assume that the values of (dE/3P) at constant entropy and at
constant temperature are practically the same, a result that can be verified later
from the observation that the electrocaloric temperature changes are only about
one millidegree; i.e., we presume that (aP/aE)T = 37.3 x 10712,

Integration of the above expression gives an equation of the form

P(T) = BE + ¢(T)
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where B is the constant 37.3 x 10']2, and ¢(T) is an arbitrary function of

temperature. Knowing that P(T) approaches PS(T) as E approaches zero, and
employing the experimental values for PS(T) shown in Fig. 33, we have

P(T) = BE + A(T, - T)1/2 (31)
where A = (0.182 x 1078)1/2 = 0,426 x 1073 Coul/n?.deg'/2,
and B = 37.3 x 10”12 Coul?/N.n?.

This is the equation of state for tartaric acid in the region of interest except
for the small region close to the critical temperature.

It is instructive to see whether Eq. (31) Teads to a physically reasonable
expression for the Gibbs free energy.

Combining Eq. (10) and (31), we have

(s6/2P); = (P/B) - (A/B)(T, - T)!/2,
Integration of this expression gives
1 2
6, = Gg - (AB)T, -T)/2 P+ 0?28 (32)

where G]O is the free energy of an unpolarized crystal at the temperature T.

The salient feature of the above expression is that it is an odd function
of the polarization in contrast to the analogous expression for the Gibbs free
energy of a ferroelectric crystal. This odd function for P might have been
expected because the even function that is written for a ferroelectric crystal
describes the symmetrical reversibility of the direction of its polarization
whereas the polarization of a pyroelectric crystal does not reverse. The qualita-
tive behaviors of the even and odd functions of polarization at temperatures near
the critical temperature are shown below. In both the ferroelectric and pyro-
electric crystals the magnitude of the lower-order (negative) term diminishes with
increasing temperature until at some critical temperature the spontaneous polari-
zation in the stable state (the state of minimum free energy) diminishes to zero.
An important difference between these two free energy functions is that Eq. (11)
for a ferroelectric crystal predicts correctly that the reciprocal isothermal
susceptibility, 1/xT = eo(azG]/BPZ)T approaches zero at the critical temperature
whereas Eq. (32) for a pyroelectric crystal predicts that the isothermal
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susceptibility will be constant right up to the critical temperature. We have
already pointed out that the susceptibility was found to be practically constant
from 90°K to 320°K; we did not verify this prediction by extending our suscepti-
bility measurements to the critical temperature (375°K) because of the low melt-
ing point of our Woods metal seals and because other measurements showed that
the conductivity increases rapidly in this region.
The electrocaloric effect in crystalline tartaric acid was measured at
fields up to 3,629 V/cm from 320.62°K down to 218.85°K and at fields up to
1,790 V/cm at temperatures down to 91.10°K. The typical results of these measure-
ments, displayed in Figs. 30 and 31, show that the polarization is practically
reversible in the thermodynamic sense and that the temperature changes were
significantly smaller than those ordinarily obtained with ferroelectric substances.
If the general considerations already outlined are correct, in particular if
Eq. (32) for the Gibbs free energy is correct, then measured values of the electro-
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caloric effect should agree with the values that can be predicted from the general
thermodynamic equation,

dT = - (T/pcg) (/aT)dE. (4)
But from Eq. (32) or from the equation of state we have
(#/aT)g = - (M2)(T, - T)7V/2,

If this expression is substituted into Eq. (32) and if Eq. (4) is integrated
while assuming that the electrocaloric temperature change is much smaller than
T, the result is

AT = (AT/pcg)(T, - )72 4. (33)

Unfortuantely, the published values of e for tartaric acid do not cover the full
range of temperatures needed here and they are not in good agreement with each
other.32’33’34 These values are shown in Fig. 35, the horizontal lines in the
figure representing the temperature ranges over which the various authors made
their measurements. A straight line was drawn to represent the values used for
our calculations, extra weight being given to the values at 309.2°K and 323°K
because of their consistency. The value at 301.5° was ignored because it is
anomolously high. The resulting linear relationship that was used is

Cg = 120 + 3.507 Joules/kg-.deg.

Fig. 36 was drawn to compare the measured values of the electrocaloric effect
and the values calculated from Eq. (33). The agreement is better than we have a
right to expect, especially near 300°K where the two published values of the heat
capacity are in agreement, but the curvature of the patterns of the experimental
and calculated values appear to be opposite to each other. Electrocaloric measure-~
ments at higher temperature (if they are possible) and better values for the
specific heat would be required to verify this trend. Values at much lower
temperatures would be difficult to measure because the measured thermal emf be-
comes smaller. Thermal emf's for 10'4°K are shown for several temperatures in
Fig. 36.

Our conclusion is that Eq. (32) is a reasonable quantitative representation
of the Gibbs free energy of tartaric acid from 90°K to 320°K.
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We have not made electrocaloric measurements between 320°K and 375°K and are
not able to explain the significance of the deviation of P52 from linearity in T
that is evident in Fig. 33. Part of the deviation could be due to a small error
in determining PS; only changes in PS can be measured by the method of thermal
depolarization, and it is difficult to tell when the thermal depolarization
currents actually become zero.

72



CONCLUSIONS

Quantitative measurements of the electrocaloric effect in ferroelectric and
pyroelectric substances are feasible over a wide range of temperature. The infor-
mation obtained from these measurements contributes to an understanding of the
phase transition and the thermodynamic properties of ferroelectric and pyroelectric
substances. The accuracy and validity of such measurements were established by
observing the effect in a substance while it was in its paraelectric phase where
the results are quantitatively predictible from the Curie-Weiss Taw.

Our measurements of the electrocaloric effect in the ferroelectric region
further confirm the idea that the Langevin-type model which is based on Tong-
range intereactions between dipoles characterized by an inner field parameter y
is not sound.

We were unable to find an elastic Gibbs function G] for potassium dihydrogen
phosphate and its isomorph, potassium dihydrogen arsenate, that was consistent
with its dielectric and electrocaloric behavior both above and below the Curie
temperature; in fact, not even the first Devonshire coefficient u for these
crystals was a smooth function of temperature through the transition region.
Therefore, we suspect that KH2P04 undergoes a first-order rather than a second-
order transition at its Curie temperature, a suspicion that is in agreement with
the recent calorimetric measurements of Reese and May.35 Qur studies of KH2A50
revealed a discontinuity in its spontaneous polarization at Tc’ a value of T

4

that is less than Tc’ anomalous behavior of the Devonshire coefficients at Tc’
and a "hook" in the cooling curve. All of these indicate that the ferroelectric
transition in KHZASO4 is of first rather than second order.

Triglycine sulfate which undergoes a well-confirmed second order transition
behaved differently. Measurements of the electrocaloric effect in this substance
are in accord with the Devonshire theory and are in reasonable agreement with
dielectric measurements. The first Devonshire coefficient w is continuous with
no change in slope right through the Curie temperature, 3w/3T being constant down
to about 312°K where it begins to diminish significantly.

Values for the intrinsic polarization of tartaric acid that are much larger
and more reliable than previously reported were obtained. Between 91.1°K and
375°K we obtain

1/2

P.(T) = 0.426 x 1073(375 - )V2 coul/m?.
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which is unlike the analagous expressions for a ferroelectric substance in that
it is an odd function of P,

A useful characteristic of a material which is to be used as a radiation
detector delivering its signal into a low-impedance detector is the pyroelectric
coefficient pE. Its value and its dependence on temperature were determined from
measurements of the electrocaloric effect for each of the substances studied.
Under certain conditions the sensitivity of a pyroelectric radiation detector
can be changed by a change in the applied field whereas under others it can be
made independent of applied field.
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